ABSTRACT: The enactment of new chemical regulations has generated a large need for the measurement of the fish bioconcentration factor (BCF). Past experience shows that the BCF determination lacks precision, requires large numbers of fish, and is costly. A new protocol was tested that shortens the experiment from up to 12 weeks for existing protocols to 2 weeks and reduces the number of fish by a factor of 5, while introducing internal benchmarking for the BCF determination. Rainbow trout were simultaneously exposed to 11 chemicals. The BCFs were quantified using one of the test chemicals, musk xylene, as a benchmark. These were compared with BCFs measured in a parallel experiment based on the OECD 305 guideline. The agreement was <20% for five chemicals and between 20%−25% for two further, while two chemicals lay outside the BCF operating window of the experiment and one was lost due to analytical difficulties. This agreement is better than that observed in a BCF Gold Standard Database. Internal benchmarking allows the improvement of the precision of BCF determination in parallel to large reduction in costs and fish requirements.
■ INTRODUCTION
The fish bioconcentration factor (BCF) is the quotient of a chemical's concentration in a fish and its concentration in water at steady state after the fish has been exposed to the chemical via water only. 1 The fish BCF is an important metric in several chemical regulation frameworks, where it is used to evaluate the bioaccumulative properties of chemicals and for exposure assessment. The enactment of major chemical legislation in recent years has greatly increased the requirements for fish BCF testing. For example, the European chemicals management program REACH defines fish BCF thresholds as the primary criterion for deciding whether a chemical is classified as bioaccumulative or very bioaccumulative. Given the regulatory importance of this parameter and the large amount of testing required, it is important that the testing methodology is reproducible, economical, and efficient in its use of test animals.
The current standard method for the determination of fish BCF is the OECD guideline 305 "Bioconcentration: Flowthrough Fish Test" adopted in 1996. 1 The experimental protocol prescribes an exposure phase lasting up to 4 weeks during which the test fish are exposed to the chemical in an aquarium, followed by a depuration phase lasting up to 8 weeks during which the fish are kept in chemical-free water. A minimum of 5 sampling points are prescribed during each phase, and at each sampling point a minimum of 4 fish are sacrificed and analyzed for their chemical residues. The guideline recommends that the experiment be conducted at two exposure levels. In summary, the method entails two experiments, each lasting up to 12 weeks, requiring the sacrifice and analysis of approximately 100 fish (including controls). This is costly, both economically and in its use of test animals. It has been estimated that the implementation phase of the European chemicals management program REACH will require approximately 65 000 fish for BCF experiments. 2 There is a need to find alternative methods that use fewer animals and are less costly. 3 A first step was taken by Springer et al., who used statistic resampling of existing data from fish depuration experiments to demonstrate that contaminant elimination kinetics can be reliably quantified using fewer fish than are prescribed in the OECD 305 guideline. 4 This has helped stimulate an ongoing revision of the OECD 305 guideline. 5 However, more needs to be done.
A fish bioconcentration study is difficult to conduct well, as it contains a range of experimental challenges and sources of variability. It requires holding fish growth and lipid constant within certain boundaries, maintaining constant chemical exposure conditions in the aquaria, and conducting precise analyses of the test chemicals in complex matrices. The BCF determination is based on a collection of measurements made in different fish instead of a single fish, so that variability between individual fish cannot be considered in calculating the BCF from the data.
The challenges in doing BCF experiments are reflected in poor reproducibility of many existing BCF measurements. This can be seen in the EURAS bioconcentration factor (BCF) Gold Standard Database (http://ambit.sourceforge.net/euras/), which has selected BCF values from the literature that satisfy rigorous quality assurance standards. Although 2 BCF values are reported for most chemicals, these are largely from simultaneous studies at 2 different exposure concentrations. Therefore, reproducibility was assessed using those chemicals with more than 2 (maximum 6) reported BCF values. For chemicals which have a BCF between 500 and 20000 L kg −1 ww, the median quotient of the maximum and minimum lipidnormalized BCF value for a given chemical was 1.8. For all chemicals above the median the measurements had been done in the same fish species. This lack of precision in the BCF determination limits the utility of the experiments for evaluating chemicals against regulatory BCF thresholds.
In this study two hypotheses were tested. The first hypothesis was that it is possible to improve the precision of the OECD 305 guideline by using internal benchmarking. The internal benchmarking procedure entails simultaneously exposing the fish to a test chemical and to a chemical with a known BCF. The bioconcentration of the test chemical is then assessed relative to that of the benchmark chemical. The second hypothesis was that the length of the BCF experiments and the number of fish used could be greatly reduced without sacrificing the quality of the results if internal benchmarking was employed.
■ THEORY
The BCF of a contaminant in fish is defined as the quotient of the contaminant's concentration in fish (C F ) and its concentration at water (C W ) at steady state. In a BCF experiment the fish is exposed to the chemical via water only, not via diet.
The BCF can be determined by measuring C F and C W at steady state or by measuring C F and C W at nonsteady state and extrapolating to the steady state situation using a toxicokinetic model. The latter approach was used in this work. Typically the toxicokinetic model consists of a one compartment model of the fish and assumes first order kinetics for chemical exchange between the fish and water. This model is represented by the following differential equation
where C F is in mol kg
), k 2 is the elimination rate constant (d ), and t is time (d). At steady state this equation reduces to
For lipophilic chemicals the BCF depends on the lipid content of the fish. To account for this and allow comparison of BCFs between individual fish, the BCF can be corrected to a standard lipid content of 5%. This was done for this study.
The BCF can also be influenced by growth of the test organisms. When the fish grow, the concentration in the fish can decrease even if there is no elimination of chemical (i.e., k 2 C F in eq 1 is 0). Growth can be included as a pseudoelimination process in the model, the definition of which then becomes
where k G is the rate constant for growth (d −1 ), i.e. the normalized rate of change of the fish's mass. The equation for the apparent BCF (BCF A ) becomes
where k T is the rate constant for overall elimination including growth. When the magnitude of k G is comparable to or greater than k 2 , the BCF becomes dependent on the growth rate. Since k 2 typically decreases as BCF increases, the relevance of the growth rate for the BCF determination increases with the magnitude of BCF. When BCF A is dependent on k G (i.e., BCF A ≠ BCF), then it again becomes difficult to compare the measured BCF with the results of other experiments or to extrapolate the measured value to the field. This problem can be overcome by correcting the measured BCF, i.e., converting BCF A back to BCF (from eqs 2 and 4)
whereby we employ BCF No-G instead of BCF to emphasize that this is a growth corrected BCF value. When k 2 becomes small compared to k G , then BCF A is entirely determined by the growth rate of the fish; it no longer contains quantitative information about the bioconcentration properties of the chemical.
■ METHODS
A modified experimental protocol, dubbed the BETTER-BCF (or BBCF) protocol, was developed. The structure of the OECD 305 guideline was retained, with an uptake phase followed by a depuration phase, but the length of the uptake phase was reduced to 4 d and the length of the depuration phase was reduced to 10 d. Furthermore, the number of sampling points was reduced to one for the uptake phase and one for the depuration phase. This modified protocol was evaluated in an experiment with simultaneous exposure to 11 chemicals, one of which was employed as an internal benchmark. The results were compared with the results from a reference experiment conducted in parallel. The reference experiment was based on the OECD 305 guideline and studied the same chemicals in the same fish species. It has been published elsewhere. 6 The differences between the experimental protocols for the BBCF and reference experiments are illustrated in Figure 1 .
Chemicals. Ethyl acetate ('Pestiscan') was purchased from Labscan Ltd. Methanol ('LiChrosolv'), acetone ("SupraSolv"), and n-hexane ("LiChrosolv") were from Merck. Sodium chloride, phosphoric acid, and sulfuric acid were from BDH. Silicone sheets (0.01" thickness) were from Specialty Silicone Products. SPE cartridges (1 mL of 50 mg ISOLUTE ENV+) were from Biotage AB. The water was of milli-Q grade from a milli-Q ultrapure water system, Milli-Q PLUS 185 from Millipore. The chemicals to which the fish were exposed, the internal standards used for the analysis of these chemicals, and the sources of these chemicals are listed in Table S1 in the Supporting Information.
Fish/Aquarium. Juvenile rainbow trout were purchased from Nas Fiskodling AB at the age of 12 months and held in the laboratory's aquaria. They were 14 months old at the start of the experiment and weighed approximately 65−80 g. The fish were fed 3 mm pellets (EFICO Alpha from BioMar) once per day at a rate of 1% of their body weight. Fecal pellets were vacuumed from the bottom of the aquaria before feeding.
The experiments were conducted in 200 L aquaria made of fibreglass. The aquaria were circular with a central overflow drain. Charcoal filtered, aerated tap water was provided at a flow rate of 48 L h . An additional filter in the water supply removed particles down to 10 μm. The water in the aquaria was aerated. To prevent contamination of the laboratory the aquarium for the uptake experiment was covered with plastic, and a pump outfitted with an activated carbon filter was used to maintain an underpressure in the headspace. The temperature of the inflowing water and the aquaria room was maintained at 13°C. Dosing System. Equilibrium passive dosing was used to generate a water supply with constant concentrations of the test chemicals during the uptake phase of the experiments. The method is described in detail elsewhere, 7 and its application in this study is described in Adolfsson-Erici et al. 6 It employed a PermSelect PDMSA-1.0 silicone membrane module (MedArray), which consisted of two manifolds connected by 16,128 hollow fibres made of polydimethyl siloxane (PDMS) with an inner diameter of 167 μm. The module was loaded with a methanol solution of the test chemicals, which was repeatedly perfused through the system while being progressively diluted with water. Thereafter, water was pumped through the module and the chemicals partitioned from the module's materials (PDMS and other) back into the water. The concentrations in water were independent of the water flow rate. 7 Since the device operates by the partitioning principle, the concentrations generated are below saturation and can be regulated by varying the quantity of chemical loaded into the unit.
BBCF Experiment. Eight fish were placed in an aquarium that was being continuously supplied with water containing the test chemicals. Eleven chemicals which had been selected to cover a broad range of BCFs were tested simultaneously (see Table 1 for the names of the chemicals and the abbreviations that will be used below). After 4 d four of the fish were sacrificed by severing the spine and stored at −17°C until analysis. The remaining four fish were transferred to an aquarium that was being continuously supplied with water that was free of the test chemicals. After a further 10 d these fish were also sacrificed and frozen. Ethical approval for the experiments was obtained from Stockholms Norra Djurforsoksetiska Namnd (permit # N 31/09).
Passive water samplers were deployed in the aquarium during the first two days of the uptake experiment. Silicone sheets (40 × 40 × 0.25 mm) were first cleaned by Soxhlet extraction in ethyl acetate for 6 h and dried. For sampling they were hung on a steel wire and submersed in the outflow region of the aquarium for 3 h. On each day two samplers were deployed in parallel. Water samples (ca. 100 mL) were collected in parallel with the passive sampler deployment. Sampling was done by immersing a 100 mL glass bottle in the aquarium close to the outflow.
Reference Experiment. The reference experiment was conducted in parallel to the BBCF experiment. It was based on the OECD 305 guideline and used the same methodologies employed for the BBCF experiment. The major differences were as follows: a) the exposure phase was 24 d; b) there were 5 sampling points during the exposure phase (4 fish were sacrificed at each); c) passive water samplers were deployed on 6 d during the exposure phase; d) the depuration phase lasted 56 d; and e) there were 8 sampling points during the depuration phase (4 fish were sacrificed at each). This study has already been reported elsewhere; 6 in this paper the results will be compared with those from the BBCF experiment.
Analytical Methods. The samples were analyzed using the methods described previously. 6 Briefly, the water samples were extracted on 50 mg ENV+ SPE cartridges, followed by elution of the test chemicals in ethyl acetate. The silicone sheets were extracted by sonification in ethyl acetate for 30 min followed by volume reduction of the extract to 1 mL. The fish were homogenized, extracted by shaking in n-hexane/acetone (5:1), re-extracted in pure n-hexane, washed with 9% sodium chloride in 1 M phosphoric acid, treated with sulfuric acid, and then reduced in volume to 1 mL. The extract was analyzed with GC/ MS using electron impact ionization. Quantification was performed using internal standards that were added to the 
■ RESULTS AND DISCUSSION
No signs of ill health were observed for any of the fish during the experiment. At the time of sacrifice the fish weighed 66−84 g (mean 74 g) and had a lipid content of 5.0%−8.8% (mean 6.9%) (see Table S2 ).
Concentrations in Water (C W ). Only ANI, CHPY, and MUSK could be determined in the collected water, so the passive samplers were used to provide the concentrations in water. Preliminary experiments had shown that the silicone passive samplers did not approach equilibrium after a sampling time of 20 h. 6 As the samplers had been deployed for just 3 h, the concentrations in the water were calculated assuming a constant sampling rate. This sampling rate was determined using the concentrations of ANI, CHPY, and MUSK in the water samples that had been collected in parallel. The average sampling rate for these three chemicals was used to calculate the concentration in the water from the concentration in the passive samplers. Details of the passive sampler calibration are given elsewhere. 6 The concentrations in water ranged between ∼10 (PCB 9) and ∼1000 ng L −1 (musk xylene) (see Table S3 ). The median difference between the concentrations measured in the parallel samples was 5%, indicating that the water analysis was precise. The median difference between the average concentrations measured on the two consecutive days was 15%. The results from the reference experiment also showed that the passive dosing system maintains the concentrations of these test chemicals at relatively constant levels. 6 Concentrations in Fish (C Fish ). The QA/QC parameters for the fish analysis method are documented elsewhere. 8 Briefly, the recovery of the internal standards was >80%, and the repeatability of the analysis was <4% for all of the analytes except 4-n-nonylphenol (13%). Quantification limits were determined as five times the procedural blanks or five times the noise and ranged from 0.01 to 0.2 μg g −1 lipid, depending on the chemical. All of the measured concentrations were at least a factor of 3 above the quantification limit.
The concentrations of the analytes in the 4 fish sacrificed at the end of the uptake phase ranged from 0.3 to 14 μg g −1 lipid. The relative standard deviation of the concentration of a given analyte in the 4 fish ranged from 5 to 15%, indicating that the interindividual variability was not large. The concentrations in the fish are provided in Table S2 .
Determination of the Rate Constant for Overall Elimination (k T ). The rate constant for overall elimination (k T ) was determined from a regression of the natural logarithm of the concentration in the fish versus time for the eight fish analyzed, four of which were sacrificed at the beginning of the elimination experiment and four at the end 10 d later. The values ranged over 2 orders of magnitude, from 0.004 to 0.4 d −1 (see Table 1 ).
The uncertainty in k T , expressed as the relative standard error, ranged from 4% to 245% (see Table 1 ). There was a strong inverse correlation between the relative standard error and the magnitude of k T (see Figure S1 ). As the slope of the C Fish versus time relationship becomes shallower (i.e., as k T gets smaller), the effect of the variability in C Fish becomes greater, leading to a higher uncertainty in the determination of k T . One approach to reducing this uncertainty would be to reduce the variability in C Fish by studying elimination kinetics in individual fish. This is currently hampered by the necessity to sacrifice a fish in order to determine C Fish . However, with the development of in vivo passive sampling techniques for organic chemicals in fish, 8−10 new options for studying uptake and elimination kinetics in individual fish are emerging.
Determination of the Rate Constant for Uptake (k 1 ). The uptake rate constant was determined using the solution of the one compartment fish model with first order kinetics for fish exposed to a constant concentration of a chemical in water
where t is the time for which the fish are exposed (here 4 d). This equation was rearranged to yield
k 1 was calculated using the mean values of C Fish for the 4 fish sacrificed at the end of the exposure period, the mean value of C W , and the k T values determined above. The results are shown in Table 1 .
The uncertainty in the k 1 estimate is influenced by the variability in C Fish at the end of the exposure period. It is conceivable that this variability could be reduced by employing benchmarking, i.e., by measuring the accumulation of the test chemical relative to the accumulation of a benchmarking chemical. To explore this hypothesis, MUSK was chosen as a benchmarking chemical in analogy to the selection of a benchmark for BCF (see below), and C Fish was calculated as follows
The variability in the fresh weight normalized concentrations in the 4 fish was compared with the variability in the same concentrations normalized to the concentration of musk xylene (Figure 2) . The results show that benchmarking markedly reduced the variability in the concentrations of ANI, PENT, PCB, HCB, and DDT (by a factor of 2−14), but that it increased the variability in the concentrations of ISBE, NP, and BUFE. An explanation for this can be found in the different processes governing the accumulation of the chemicals in the fish. For PENT, PCB, HCB, and DDT as well as for the benchmark MUSK, k T was low and consequently the elimination of chemical during the uptake phase was negligible compared to the uptake. For these chemicals the variability in C Fish would have been governed by individual-specific differences in chemical uptake rate (e.g., ventilation). Such differences would be expected to affect the uptake of different chemicals in the same way, and hence benchmarking against one of these chemicals, MUSK, largely eliminated this source of variability. ISBE, NP, and ANI had k T values that were sufficiently high that a significant portion (>30%) of the chemical taken up during the uptake experiment was eliminated before the end of the exposure period. Other processes such as metabolism likely influenced this elimination. The interindividual variability in these processes need not be correlated with the interindividual variability in the chemical uptake rate. This can explain why benchmarking against MUSK did not reduce the variability in C Fish . This example illustrates that the use of benchmarking must be accompanied by an assessment of a) which sources of variability one is trying to eliminate and b) the potential of candidate benchmark chemicals to capture this variability.
Benchmarked k 1 values were calculated using both C Fish and C W that had been benchmarked against MUSK
These values differed from k 1 determined from nonbenchmarked data (Table 1) by at most 1.5%. Thus, in this case benchmarking had little impact on the magnitude of the desired end point. It had a stronger impact on the uncertainty. The ratio of k 1 of the test chemical to k 1 of MUSK was less uncertain than the absolute value of k 1 for the same chemicals for which a reduction in uncertainty in C Fish was observed (ANI, PENT, PCB, HCB, and DDT). However, the magnitude of the reduction of uncertainty for k 1 (15−45%) was much less than the reduction in variability for C Fish . This is because benchmarking did not reduce the variability in C W , and the variability in C W made the dominant contribution to the uncertainty in k 1 .
Determination of the Apparent Bioconcentration Factor (BCF A ). BCF A was determined by taking the quotient of k 1 and k T and correcting to a lipid content of 5%. In Table 1 the results are compared with the BCF A values measured in the parallel reference experiment conducted based on the OECD 305 guideline for bioconcentration in a flow-through fish test and reported elsewhere. 6 The agreement is poor; the BCF A values from the abbreviated protocol are consistently lower by about a factor of 2. The poor agreement is perhaps not surprising, given the much shorter test (2 weeks versus 12 weeks) and number of fish (8 versus 52).
To explore whether benchmarking could improve the performance of the abbreviated method, the BCF A results from this study were benchmarked against musk xylene according to
Of the chemicals studied, musk xylene was judged to be the best choice for a benchmarking chemical because its bioconcentration was believed to be largely unaffected by metabolism (hence eliminating a possible source of variability in the BCF), it had an intermediate BCF that was reasonably close to regulatory threshold values, and the results from the reference experiment indicated that the measured value was among the most reliable of all chemicals studied.
The benchmarked BCF A values are compared with the values from the reference experiment in Table 1 . The difference was <20% for 5 of the 9 test chemicals and <30% for 7 of them. Poorer agreement was obtained for DDT and BUFE, two chemicals with very slow elimination rate constants and high BCF A values.
In the paper about the OECD 305-based reference experiment the BCF operating window of the methodology was discussed. It was concluded that there is an upper limit of the BCF value that can be measured in this kind of experiment. 6 This limit is defined by the growth rate of the fish in the experiment. Referring to eq 4, as BCF increases and k 2 decreases, k T and k G become more similar in magnitude. Eventually these two measured parameters are not statistically distinguishable, and it is no longer possible to estimate k 2 or BCF. In this data set this was the case for DDT and BUFE. These chemicals were thus outside of the BCF operating window of the experiments.
For the 7 other chemicals that were within the BCF operating window of the experiments the agreement was good. The maximum discrepancy between the BBCF and reference experiments of 30% can be compared with independent measurements made with existing protocols. For instance, the MITI database contains two BCF determinations for CHPY that were conducted on the same species, yet they differed by a factor of 5.8 (493 versus 2880) (http://ambit.sourceforge.net/ euras/). This indicates that the BBCF protocol is a viable alternative to existing methods.
Determination of the Growth-Corrected Bioconcentration Factor (BCF No-G ). As discussed in the Theory section, growth corrected BCF values are desirable to facilitate the comparison of measured BCF values between studies and their extrapolation to the field. It was recently shown that internal benchmarking can also be used to measure BCF No-G . 6 In this case the benchmark is a persistent chemical with a value of k 2 that is so low that the fish's elimination of the chemical during the depuration experiment is negligible. The k 2 value of the test chemical can be calculated directly as the slope of a semilogarithmic plot of the quotient of the concentrations of the test chemical and the benchmark versus time (i.e., ln[C Fish,test /C Fish,bm ] vs time) 
This principle was demonstrated using our results from the reference experiment with this mixture of chemicals. HCB was used as the growth dilution benchmark because k T for HCB was not statistically different than the rate constant for lipid growth measured in that experiment (0.0144 d −1 ). 6 To calculate BCF No-G from the BBCF protocol, HCB was again used as the growth dilution benchmark as the BBCF and reference experiments were conducted in parallel using the same fish and food rations. The k 2 values were calculated as described above using the data for the eight fish analyzed, four of which were sacrificed at the beginning of the elimination Table 2 for the 7 chemicals that lay within the BCF operating window of the experiment. The k 2 values were used to calculate BCF No-G according to eq 2, and then BCF No-G was benchmarked against MUSK
Comparing these values with the values from the reference experiment (Table 2) , one again sees that there is poor agreement between the nonbenchmarked BCF No-G from the BBCF experiment and the corresponding values from the reference experiment, but that the benchmarked BCF No-G values from the BBCF experiment agree well with the corresponding values from the reference experiment. This reaffirms the utility of the internal benchmarking of the BCF measurement identified above. It also illustrates how two benchmarks can be employed simultaneously for two distinct purposes.
Potential and Limitations of the BBCF Approach. Many of the advantages of the BBCF approach are obvious: a decrease in the number of fish required and the number of fish to be analyzed (excluding controls) by a factor of 5 and in the length of the experiment by up to a factor of 5. Further savings can be achieved by assessing several chemicals; the simultaneous exposure to 9 chemicals in this study reduced the number of fish required by an additional factor of 9. The draft of a revised version of the OECD 305 guideline has pursued a similar strategy, proposing a "Minimised Aqueous Exposure Test" which prescribes two sample points during the uptake phase and two during the clearance phase (as opposed to one of each in this work). 5 While the shorter length of the experiment is one of the advantages of the BBCF approach, there could be grounds to extend the depuration phase of the experiment if one wished to expand the BCF operating window. The BCF operating window is defined by the growth rate of the fish. To exploit the full BCF operating window of the method, one must be able to quantify changes in the concentrations in the fish during the depuration experiment that arise from growth dilution only. For the growth rate of fish in this study, a depuration phase of 10 d was sufficient for this. To expand the BCF operating window it would be necessary to reduce the growth rate of the fish. To quantify changes in concentration due to growth only at a slower growth rate, a depuration phase longer than 10 d could be required.
The short length of the exposure phase could prove problematic for chemicals for which several days or more are required before biotransformation systems in the fish are activated. The assessment of such chemicals is particularly challenging, as one must ascertain whether activation occurs at the exposure levels that can be expected in the environment.
The BBCF approach is based on the hypothesis that the bioconcentration process can be described with a one box model employing first order kinetics. While this is true for many compounds, there are some chemicals which do not display first order kinetics. ANI in this study is one such example. A limitation of the BBCF protocol is that it does not allow an assessment of whether the bioconcentration adhered to first order kinetics, since concentrations are measured at the beginning and at the end of the depuration experiment. One way to overcome this limitation without sacrificing more fish is to use in vivo passive sampling. In vivo passive sampling using PDMS coated needles has been successfully employed to study the elimination kinetics of organic contaminants in fish.
8−10
The BBCF approach is dependent on simultaneous exposure of the fish to at least two chemicals, namely the test chemical and the BCF benchmark. There is a risk that simultaneous exposure can influence the results for chemicals for which metabolism is a dominant elimination mechanism. If a second chemical either inhibits or induces enzymes involved in the metabolism of the test chemical, k 2 (and hence BCF) may be modified. A comparison of the BCFs from the reference experiment in this study, which employed exposure to multiple chemicals, with BCFs from the literature determined in single chemical exposures yielded no evidence of such an effect. Nevertheless, chemicals that strongly effect metabolic systems should not be used as benchmarks, and caution should be exercised when testing chemicals for which metabolism is expected to be a dominant elimination pathway.
The major reason for the good performance of the BBCF protocol is the use of internal benchmarking. This is clearly illustrated by the comparison of the benchmarked and nonbenchmarked BCF values above. In addition to enabling large reductions in fish requirements and costs, internal benchmarking has the potential to markedly improve the interstudy comparability of BCF measurements. As outlined in the Introduction, large variability in the BCF values measured in different studies limits the utility of BCFs in a regulatory context. For instance, of the two measurements reported for CHPY above, one suggests that the chemical is 4 times below the REACH threshold for bioaccumulative chemicals (BCF = 2000), while the second measurement indicates that the 5 This method could profit from a much broader application of internal benchmarking, as demonstrated here.
Quantifying the BCF using internal benchmarking requires knowledge of the BCF value of the benchmark chemical. Given the uncertainty in BCF determination, obtaining consensus BCF values for benchmark chemicals to be used in regulatory contexts could be problematic. Ideally regulators should define a threshold chemical instead of a threshold BCF. The threshold chemical would be used as an internal benchmark in the BCF test. If the BCF of the chemical of interest exceeded the BCF of the internal benchmark, then the chemical would be flagged positive; if not it would be flagged negative. This measurement could be done with much better precision and accuracy than the existing BCF determination. Criteria for the selection of a threshold chemical (in addition to its bioconcentration properties) include low toxicity to fish, low tendency to induce or suppress metabolic systems in fish, stability in the aquaria system, and ease of analysis.
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